Previous studies of human adipose tissue lipoprotein lipase (LPL) have focused on enzyme catalytic activity, and have not measured the LPL protein directly. To study the regulation of the LPL protein, an antibody against purified bovine LPL was used. To demonstrate the specificity of the antiserum, adipose homogenates were Western blotted, and adipocytes were radiolabeled and the cell homogenates immunoprecipitated, yielding a single specific band at 53 kD. Breakdown products of LPL were demonstrated at 35 and 20 kD by Western blotting.
Introduction
Adipose tissue lipoprotein lipase (LPL)' plays a central role in lipoprotein metabolism, and much effort has been devoted to the study of LPL regulation (1) . Previous studies on the regulation of LPL in humans, however, have measured only LPL catalytic activity, and have never directly quantitated the LPL protein. Although LPL has been purified from various sources and antisera to the enzyme have been raised (reviewed in references 1-3), it has generally been difficult to develop a quantitative LPL immunoassay. There are two previous reports of immunoassays that were applicable to human LPL. Olivecrona et al. (4) reported an immunoassay for bovine LPL with an antiserum that cross-reacted with human LPL. Goldberg et al. (5) have recently reported an ELISA for human postheparin plasma LPL using a monoclonal antibody directed aganist human milk LPL. No previous study has reported an immunoassay for human adipose tissue LPL.
Although it has been difficult to measure the LPL protein, the regulation of LPL activity has been the subject of much study. LPL activity in adipose tissue usually correlates with the prevailing plasma insulin level of the subject (6) (7) (8) . In vitro studies, however, have uncovered important differences between rat and human LPL. Although LPL in rat adipocytes and adipose tissue were responsive to insulin (9, 10) , human adipocyte and adipose tissue LPL activity was not stimulated by physiologic concentrations of insulin (1 1, 12) . Other regulators of LPL activity in human adipocytes are insulinlike growth factor-I/somatomedin C (IGF-I), fetal bovine serum, and glucose (1 1, 13) . The nucleoside adenosine, and its metabolite inosine, have well-recognized effects on metabolism in many tissues (14, 15) . In adipose tissues, adenosine is an important local regulator of lipolysis, and potentiates other insulin-mediated functions (16) . Because LPL activity and hormone-sensitive lipase-mediated lipolysis are often inversly regulated (17) , adenosine may also be an important regulator of LPL. Whether any of these substances affect the LPL protein, or whether they activate an inactive LPL, has not been directly tested due to the unavailability of an LPL immunoassay.
We report herein an ELISA for human adipose tissue LPL using an affinity-purified polyclonal antiserum raised in chickens against purified bovine LPL. This antibody crossreacts with human LPL and is specific for LPL in adipose 1 . Abbreviations used in this paper: EXT, extractable LPL; HR, heparin-releasable LPL; IGF-I, insulinlike growth factor-I/somatomedin C; LPL, lipoprotein lipase; PBSAT, phosphate-buffered saline with 0.1% tissue homogenates. Furthermore, LPL immunoreactive mass was measured in primary cultures of isolated human adipocytes and regulation by IGF-I, insulin, fetal bovine serum, and adenosine was demonstrated.
Methods
Adipose tissue and adipocytes. Omental adipose tissue was removed from 31 healthy subjects during elective abdominal surgery. These subjects gave informed consent to the procedure and were between the ages of24 and 50 yr (mean±SEM: 35±1.5). Mean body mass index was 21.9±0.54 kg/M2 (range: 18.2-29.3), and no patient was taking any medication known to affect lipid metabolism. Isolated adipocytes were prepared from fresh adipose tissue as described previously (11) . In brief, 2-3-g pieces of fat were minced and digested in flasks containing 10 ml of collagenase II (2 mg/ml, Cooper Biochemical, Malvern, PA (18) . After separating the lipid cake by centrifugation, the aqueous layer was recovered. An aliquot of each sample was incubated with substrate for 45 min at 37°C and the reaction was then stopped by the addition of Belfrage-Vaughn extraction mixture (19) . The liberation of '4C-free fatty acids was quantitated and LPL activity was expressed as nanomoles of free fatty acids released per minute per 106 cells.
Western blotting. EXT samples of human adipocytes or adipose tissue were prepared as described above for LPL activity except for the absence of albumin in the EXT buffer, and the addition of protease inhibitors to both buffers. The protease inhibitors used were 1 mM PMSF, 1 mM benzamidine, 1 mM EDTA, an 0.05 mM aprotinin. Samples were mixed with an equal volume of cracking buffer (5% ,B-mercaptoethanol, 2% SDS, 10% glycerol, and 0.5 M Tris, pH 6.8) and boiled for 10 min. The samples were then applied to a 5-20% linear gradient polyacrylamide gel with a 3% stack, along with prestained molecular weight markers (Bethesda Research Laboratories, Gaithersburg, MD). The separated proteins were then transferred electrophoretically to nitrocellulose (Bio-Rad Laboratories, Richmond, CA) and blotted. Nonspecific binding was blocked by incubating the nitrocellulose in blocking solution (PBS with 5% bovine serum albumin, 10 ,ug/ml sheep IgG, 0.1% Triton X-100) for 2-16 h. The blots were then incubated with primary antibody (chicken antibovine LPL antiserum) for 1 h at a dilution of 1:6,000 in PBS with 0.1% albumin and 0.1% Triton X-100 (PBSAT). Two controls were used to demonstrate specificity of the antiserum for LPL: nonimmune chicken serum, and the "flow-through" fraction from the affinity purification of anti-LPL antiserum. This flow-through represents antiserum that has been passed through a bovine LPL-Sepharose column (20) , and hence has been depleted of the specific anti-LPL antibodies. After exposure to primary antiserum or control sera, the blots were washed in PBSAT and exposed to a 1:20,000 dilution (in PBSAT) of rabbit anti-chicken antiserum (Sigma Chemical Co., St. Louis, MO) for 1 h. The blots were then washed with PBSAT and incubated for 1 h with '25I-protein A (200,000 cpm/ml in PBSAT, Amersham Corp., Arlington Heights, IL). After washing in PBSAT, the blots were air-dried and exposed to x-ray film. min at 37°C. The cells were then immediately placed into lysis buffer (0.1% SDS, 0.5% deoxycholate, 1% Triton X-100, 0.1 M NaCl, 5 mM EDTA, 1 mM PMSF, and 10 mM sodium phosphate, pH 7.5) and the lipid cake removed after centrifugation. Radiolabeled LPL was then immunoprecipitated from the cell lysate by the addition of 1 jig of affinity-purified chicken anti-LPL antibody, followed by the addition of 5 Ml of rabbit anti-chicken antiserum (Sigma Chemical Co.) and protein A-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ). After washing the pellets thrice with lysis buffer and twice with 0.5 M LiCl, 50 mM Tris, pH 8.0, cracking buffer was added and the immunoprecipitates were analyzed on a 10% polyacrylamide gel. The gel was fixed, enhanced with sodium salicylate (21) , dried, and exposed to x-ray film.
ELISA. The ELISA was performed essentially as described previously for rat LPL (20) . Each well of a 96-well microtiter plate (Dynatech Laboratories, Inc., Alexandria, VA) was coated overnight with 200 Al ofaffinity-purified chicken anti-LPL antibody (number 2271, 5
Mg/ml) in 0.1 M sodium carbonate buffer, pH 9.3. Samples and bovine LPL standards (200 ,l) were then added in a buffer containing 1 M NaCl, 0.1% Triton X-100, 0.1% albumin, protease inhibitors (PMSF, benzamidine, and aprotinin) and 25 mM Tris, pH 7.4. The bovine LPL concentrations varied between 100 and 0.78 ng/ml in serial 1:2 dilutions. After incubation for 72 h at 4°C, the samples were removed and the wells were washed with PBSAT. Biotinylated affinity-purified chicken anti-LPL antibody (number 2272, 0.3 Mg/ml in PBSAT) was then added and the plate was again incubated at 4°C for 72 h. The wells were again washed, and streptavidin-horseradish peroxidase (Bethesda Research Laboratories, 1:2,000 dilution in PBSAT) was added for 24 h. The wells were then developed for 10-20 min with peroxidase substrate (1 mg/ml o-phenylenediamine, 0.0 12% hydrogen peroxide, in 0.1 M citrate, pH 4.5) and read in an ELISA plate reader at 490 nm. By repeated measurements of the same frozen LPL sample, intra-and interassay variation were 5% and 16%, respectively.
Statistics. All data were expressed as the mean±SEM and were analyzed nonparametrically using the Wilcoxon matched-paired signed-rank test.
Results
The use of this antibody in an ELISA for rat LPL has been demonstrated previously (20) . To determine whether this antibody also cross-reacted with human LPL, the inhibition of human LPL catalytic activity was demonstrated (Fig. 1) . The HR fraction of isolated human adipocytes was prepared as described under Methods, and incubated with increasing amounts of anti-LPL antiserum. Controls included samples that were incubated in 1 M NaCl, and with nonimmune chicken serum. As shown in Fig. 1 , HR was essentially completely inhibited by 1 M NaCl as well as by the antiserum. Thus, essentially all the lipase activity was LPL and was inhibited by the antiserum.
To demonstrate the specificity of this antibody for LPL, Western blotting was performed. Isolated human adipocytes were homogenized in deoxycholate-heparin buffer (see Methods), and the solublized LPL applied to a polyacrylamide gel, transferred to nitrocellulose, and blotted with anti-LPL antiserum. As shown in to nitrocellulose, but blotted with the flow-through from the affinity purification step. As described previously (20) , this antibody has been affinity purified by passing the antiserum through a bovine LPL-Sepharose column. Thus, the flowthrough represented antiserum that has been depleted specifically of the anti-LPL antibodies. When bovine LPL and human adipocyte extract were blotted with the flow-through, the bands at 53 kD were not present (Fig. 2 , lanes 2 and 4 for bovine LPL and human adipocytes, respectively). Thus, these data strongly suggest that the 53-kD protein in human adipocytes represented LPL and was specifically recognized by the antibody.
To further demonstrate that the 53-kD band from the immunoprecipitation represented LPL.
To demonstrate the presence of LPL breakdown products in human adipose tissue, a sample of human adipose tissue was prepared in the presence and absence of protease inhibitors and then Western blotted. As shown in Fig. 4 An ELISA was developed for human LPL in which LPL was "sandwiched" between two affinity-purified antibodies, one of which was biotinylated (see Methods). As described previously (20) , the use of antibodies from two different chickens increased the sensitivity of the assay. In Fig. 5 Figure 6 . Relationship between LPL activity and LPL immunoreactive mass. LPL was released from a sample of adipose tissue by heparin and this sample was serially diluted. Each dilution was assayed for both LPL activity and LPL immunoreactive mass.
and tissue homogenates. To determine whether LPL immunoreactive mass, as estimated from this standard curve, correlated with LPL activity, a sample of adipocyte LPL was serially diluted and assayed for both LPL activity and LPL immunoreactive mass. As shown in Fig. 6 , LPL activity correlated strongly with LPL immunoreactive mass using bovine LPL as a standard. Thus, the standard curve for bovine LPL was used to estimate the LPL immunoreactive mass of human adipose tissue samples. Previous studies have described the regulation of adipocyte LPL activity by insulin, IGF-I, and fetal bovine serum (1 1). To determine whether LPL immunoreactive mass is regulated to the same degree as LPL activity, isolated adipocytes were cultured in medium containing insulin (1.8 nM), and IGF-I (6.5 nM) and LPL activity and mass were measured in the wholecell homogenate. As shown in Fig. 7 , IGF-I stimulated LPL immunoreactive mass to the same degree as it stimulated LPL activity. Insulin at a concentration of 1.8 nM had no effect on either LPL activity or mass. Specific activity ofthe cell homogenates remained constant and was not influenced by IGF-I or insulin.
In addition to studying whole-cell homogenates, the effects Fig. 9 . As with IGF-I, there were increases in HR activity and HR immunoreactive mass, such that there was no change in HR specific activity. With EXT, however, there was a significant increase in EXT immunoreactive mass in the face of no change in EXT activity, resulting in a decrease in EXT . Effect of serum on LPL cellular activity and mass. The HR and EXT fractions were prepared from adipocytes that were cultured in the presence and absence of 10% fetal bovine serum. LPL activity and immunoreactive mass were measured and specific activity calculated. Data are expressed as a percentage of control, and represent six to nine experiments. *P < 0.05.
specific activity (Fig. 9) . Thus, the presence of 10% serum results in an increase in the LPL protein that is not accompanied by an increase in LPL activity.
To determine whether adenosine influences human adipocyte LPL, cells were incubated in medium containing a range of concentrations of N6-phenyl-isopropyladenosine (PIA, a nonmetabolizable adenosine analogue). LPL activity and immunoreactive mass were measured after 24 h as HR and EXT.
As shown in Fig. 1OA , PIA produced a dose-related increase in HR activity, with no effect on EXT activity. Fig. 10 B shows the effect of PIA on HR and EXT immunoreactive mass. An increase in HR mass was observed that corresponded to the increase in HR activity. In addition, there was a statistically significant increase in EXT immunoreactive mass at PIA concentrations of 50 and 100 nM, even though no increase in EXT activity was observed (Fig. 10 A) . This resulted in a change in LPL specific activity in EXT. As shown in Fig. 11 , there was a statistically significant fall in EXT specific activity, corresponding to the increase in EXT immunoreactive mass with no change in EXT activity, at a PIA concentration of 50 nM. In contrast, PIA had no effect on HR specific activity, since HR activity and immunoreactive mass increased in parallel. Thus, PIA stimulated an increase in the LPL protein content of both the HR and EXT fractions of human adipocytes. However, as with the effect of serum, this increase in LPL protein in EXT was unaccompanied by an increase in LPL activity, resulting in a decreased enzyme specific activity.
Inosine is a metabolite of adenosine that may have independent metabolic effects on adipose tissue (22) . To determine whether inosine affected LPL, cells were cultured for 24 h in the presence of a wide range of concentrations. As shown in Fig. 12 A, inosine stimulated HR activity at approximately the same concentration as did PIA, and this effect diminished at very high concentrations. As with PIA, inosine had no effect on EXT activity. The effect of inosine on LPL immunoreactive mass is shown in Fig. 12 B. An increase in HR mass was observed that paralleled the increase in LPL activity. No effect of inosine was observed on EXT mass, and hence there was no change in LPL specific activity. Hence, the effect of inosine on adipocyte LPL was quantitatively similar to that of PIA, although with inosine, only HR was affected.
In previous studies, adenosine potentiated the effects of insulin on glucose transport and inhibition of lipolysis (16) . Although insulin at physiologic concentrations had no effect on LPL, we wondered whether the combined effects of insulin plus PIA or inosine would stimulate LPL to a greater degree than did each substance individually. Therefore, cells were cultured in medium containing insulin at a physiologic concentration (0.72 nM) in the presence ofPIA (50 nM) or inosine (l0-7 M). Insulin did not potentiate the effects of PIA or inosine (data not shown). Thus, insulin plus adenosine do not affect LPL in the same manner that they act together to facilitate other aspects of adipocyte metabolism. Figure 11 . Effect of adenosine on LPL specific activity. Cells were cultured in the indicated concentration of PIA for 24 h as described for Fig. 9 . Control specific activity was 36±13 and 43±15 neq/min per ,g for HR and EXT, respectively. Data are from six experiments.
*P < 0.05 vs. control.
Discussion
Although the regulation of LPL activity has been the subject of much investigation, the study of the LPL protein has been hindered by difficulties in obtaining a good antibody. Although numerous antisera to LPL have been reported, only a few studies have successfully applied an antibody to the study of LPL regulation. Cheung et al. (23) developed a radioimmunoassay for chicken LPL using a goat anti-LPL antiserum. With this assay, the binding of avian LPL to endothelial cells was characterized (24) . Several groups of investigators have used an antibody raised in goats against rat adipose LPL (25) to study the regulation of rat adipose LPL by insulin (10) , as well as the development (26) and glycosylation (27, 28) of LPL in preadipocytes. Several studies have reported anti-LPL antibodies that react with human LPL (4, 5, (29) (30) (31) (32) . Using an antibody raised in rabbits against bovine LPL, Jonasson et al. (29) The antibody used in this study was raised in chickens against purified bovine LPL and has been successfully applied to an ELISA for rat LPL (20) . In addition to reacting with rat LPL, the anti-LPL antisera inhibited LPL activity in human adipocytes. Because of the high degree of homology between bovine and human LPL (34) , it is not surprising that this antibody cross-reacts with LPL from rats and humans. Because the antigen (bovine LPL) can be obtained in pure form and in sufficient quantities, the polyclonal antiserum was affinity purified. This process permitted the development of the "sandwich-type" ELISA described herein. The specificity of this antibody for LPL has been demonstrated previously in rat adipocytes (20) . For human adipocytes, antibody specificity was demonstrated by Western blotting and immunoprecipitation. The specific anti-LPL antibodies were removed from the antiserum by adsorption on bovine LPL-Sepharose. When Western blotting was performed with the flow-through from this affinity purification step, the 53-kD bands for both bovine LPL and human adipocyte homogenate were not present. Thus, the identity of the 53-kD bands as LPL was proved. In a similar fashion, the competition for radiolabeled LPL by bovine LPL during immunoprecipitation demonstrated that the 53-kD band was LPL. Thus, this antibody is specific for LPL in human adipocytes.
When prepared with protease inhibitors, LPL in adipose tissue and adipocytes was represented by a single band that comigrated with bovine LPL at an apparent molecular mass of 53 kD. In the absence of protease inhibitors, breakdown products were observed at molecular mass of 35 and 20 kD. Studies by other investigators have also described LPL degradation products of similar size (35, 36) . Previous studies have reported a variety of subunit molecular mass for LPL on SDS-PAGE (reviewed in references 1-3). In recent studies, the complete amino acid sequence of human LPL (34) from the human cDNA has suggested an unglycosylated molecular mass of 50,394 daltons. Therefore, the molecular mass reported herein is appropriate. Minor differences in molecular mass between our studies and those of others are probably due to variations in gel conditions or molecular mass standards.
The ELISA for human LPL was performed essentially as described previously for rat LPL (20) . Because purified human LPL was not available as a standard in the ELISA, bovine LPL was used. Although it is possible that the antibodies recognize human LPL in a manner different from bovine LPL, the standard curves for bovine LPL and human adipose tissue LPL were parallel. In addition, a serial dilution of human adipose tissue yielded a parallel decrease in LPL activity and immunoreactive mass. Thus, the bovine LPL standard curve permits an accurate estimation of the human LPL protein.
Previous studies in isolated human adipocytes have characterized the response of LPL activity to IGF-I and insulin (1 1).
When both LPL activity and immunoreactive mass were measured in cells cultured in IGF-I or insulin (Fig. 7) , LPL immunoreactive mass increased in response to IGF-I, and did not change in response to a moderately high insulin concentration (1.8 nM). To further examine the effect of insulin on adipocyte LPL, cells were exposed to insulin over a wide range of concentrations (Fig. 8) . Again, no effect of insulin was seen on LPL, except at a very high concentration (70 nM). This effect of high insulin concentrations may be due to cross-reactivity of insulin with IGF-I receptors (37). Thus, under these conditions, LPL immunoreactive mass increased along with LPL activity, resulting in no change in enzyme specific activity.
LPL activity has been shown to be low during states of insulin deficiency, such as during fasting (38) , and in insulindeficient patients with diabetes (39) . In addition, LPL increased after a meal (40), after treatment of diabetic humans with insulin (39) , and after an insulin-glucose infusion in normal subjects (41, 42) . In vitro studies, however, have failed to observe an increase in LPL activity in whole adipose tissue (12) or isolated adipocytes ( 11) in response to physiologic concentrations of insulin. Thus, these data suggest that the increase in LPL during a hyperinsulinemic state is not a direct effect of insulin, but instead is related to secondary effects of insulin.
The increase in cellular LPL activity with a high insulin concentration and IGF-I was confined to the HR fraction (1 1). When LPL immunoreactive mass was examined in response to these stimuli, an increase in HR mass was observed that paralleled the increase in HR activity. However, insulin and IGF-I had no effect on EXT activity or mass. In contrast, serum stimulated EXT immunoreactive mass even though there was no effect on EXT activity, resulting in a decreased specific activity of the EXT enzyme. Thus, these data suggest that serum stimulates LPL via a different mechanism than that ofinsulin and IGF-I. Alternatively, serum may contain a number of different substances each of which affects LPL at a different site of enzyme synthesis.
Adenosine has been shown previously to be a locally produced regulator of adipose tissue metabolism (14, 15). In ad-404 dition to being a vasodilator in many tissues, adenosine potentiated insulin action and inhibited lipolysis in adipose tissue (16) . Adenosine, and its nonmetabolizable analogue PIA, react with the R site, which is an outer plasma membrane receptor ( 14, 43). Inosine is a metabolite ofadenosine which reacts with the P site, which is an inner plasma membrane receptor. Several studies have suggested that adenosine may be a regulator of LPL. When rats were injected with PIA, there was an increase in adipose tissue and postheparin plasma LPL activity (44) . Attempts to reproduce this effect of PIA in vitro, however, have been contradictory. Two studies have reported either an increase (45) or no change (22) in rat fat pad LPL in response to PIA, whereas inosine stimulated LPL in one of these studies (22) .
To study the effect of adenosine on human adipocyte LPL, cells were cultured in medium containing a wide range of concentrations of the adenosine analogue PIA. PIA produced a dose-related increase in both HR activity and immunoreactive mass. Because both HR activity and mass increased, there was no change in enzyme specific activity. In contrast, EXT immunoreactive mass increased in response to PIA, even though EXT activity did not change. Thus, PIA decreased the specific activity of the EXT enzyme.
There are several possible explanations for this change in EXT specific activity. PIA may stimulate an increase in LPL protein synthesis. If, however, other factors are necessary for optimal posttranslational processing, then much of this newly synthesized protein may remain unprocessed, and therefore would probably be inactive. Studies in preadipocytes have suggested the existence of an inactive, incompletely processed form of LPL (26) . An inactive LPL protein would probably be detected by the ELISA, thus leading to an overall decrease in EXT specific activity. Alternatively, PIA may inhibit breakdown of newly synthesized (and inactive) LPL, such that the mass of LPL protein increased, yet the activity of the EXT pool remained the same.
When inosine was added to adipocyte cultures, cellular LPL increased to a similar degree as with PIA. However, inosine only increased HR activity and mass, and had no effect on EXT. Thus, inosine affected adipocyte LPL in a manner similar to that of high insulin concentrations and IGF-I. Because PIA and inosine function through different receptors, it is indeed possible that each nucleoside has a different mechanism of action, and hence increase different components of cellular LPL.
The regulation of LPL by adenosine may be of physiologic significance, and may explain some of the differences between the regulation of rat and human LPL. Human adipocyte LPL is relatively unresponsive to insulin in vitro, yet is responsive to adenosine, which potentiates the insulin effect in other tissues. On the other hand, rat adipocytes are sensitive to insulin (9), and only variably responsive to adenosine (22, 45, 46) . Thus, human adipocyte LPL may be more responsive to locally produced substances, such as adenosine, whereas rat adipose LPL may be more responsive to humoral stimuli, such as insulin. Further studies need to clarify the regulation of adenosine secretion into the microvasculature.
A mechanism for LPL regulation has been proposed that involves two steps: stimulation of LPL synthesis as a proenzyme, followed by activation of this proenzyme (47) . The data described herein are consistent with such a mechanism. Because the HR enzyme is either secreted or released by heparin, it probably represents a more mature form of LPL than the enzyme found in the EXT fraction. Some substances, such as IGF-I, high insulin concentrations, and inosine, exert their regulatory influence only on HR. This may be due to a hormoneinduced facilitation of LPL posttranslational processing, and hence a net movement of LPL protein into a more accessible or secretable cellular compartment. Other substances, such as PIA and serum, increase LPL in both HR and EXT. This latter form ofregulation may stem from a predominant influence on new protein synthesis. The increase in EXT protein may be due to the synthesis of an inactive, incompletely processed enzyme, whereas the increase in HR may be due to a secondary effect on LPL processing. More definitive answers to these questions will require further studies of LPL synthesis.
In summary, we have described herein an ELISA for human adipose tissue LPL using a highly specific, affinity-purified, polyclonal antibody. Using this ELISA, human adipose LPL immunoreactive mass has been measured for the first time, and regulation of LPL activity and mass has been demonstrated in response to insulin, IGF-I, serum, the adenosine analogue PIA, and inosine. Further studies with these techniques will permit further characterization of LPL regulation and cellular processing.
